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I. INTRODUCTION
Animals rarely act in isolation. The vast majority of animals live within a social environment, their lives affected by the presence and activities of the other individuals around them. For example, foraging, mating, rearing young, predator defense, and practically every aspect of an individual's behavior will be influenced in some way by others around them. Many of us are genuinely fascinated by the wide spectrum of social interactions we see across the diversity of animal life. This may be because, as Trivers (1985) puts it ''everybody has a social life,'' and much of the interest probably emerges from comparisons with our own social situation. On the other hand, our fascination may be in understanding the widespread existence of social behaviors between individuals despite the apparent costs of such behavior. These social interactions, which can be in the form of cooperation or conflict, can occur over a wide range of strategies and at various levels. Individuals cooperate in hunting, food sharing, fending off enemies, and migrating from one site to another. Many animals live and breed in colonies, and males and females interact when mating and/or caring for offspring (Dugatkin, 1997; Wilson, 1975) . Unlike many traits that are directly selected by the environment, social behaviors evolve in response to selection pressures created by interactions with other members of their own species. Consequently, these social behaviors are fascinating to study from an evolutionary perspective. In this chapter, we are primarily concerned with how social interactions between individuals evolve as part of reproductive strategies.
In the last decades, theoretical and empirical studies on cooperation and conflict over reproductive allocation have rapidly proliferated. This area is emerging as one of central importance in behavioral ecology (Barnard, 2004; Krebs and Davies, 1997) . This increased interest in the patterns of reproductive allocation has, at least partially, been stimulated by advances in molecular biology. Developments since the early 1980s have resulted in range of techniques with which to investigate the molecular properties of individuals, populations, and species (reviewed in Beebee and Rowe, 2004) . These relatively cheap, easy, and efficient techniques have increasingly been taken up by behavioral scientists keen to incorporate new, incisive measures within their studies. Such techniques have enabled patterns of genetic relatedness between individual to be determined (Jeffreys et al., 1985) and have allowed rapid amplification of large quantities of DNA from minute traces [using polymerase chain reaction (PCR); Mullis and Faloona, 1987; Saiki et al., 1985 Saiki et al., , 1988 . PCR-based techniques, such as microsatellite fingerprinting, only require tiny blood or tissue samples from study organisms, thus allowing for the nondestructive study of small or rare organisms. Such molecular techniques have provided the tools to investigate a range of issues in behavioral and evolutionary ecology. So, for example, the ability to assign the genetic parents of young has revealed that genetic monogamy is relatively rare, even in taxa where social monogamy is the most common mating system. For example, genetic monogamy is found in only 14% of social monogamous passerine species studied so far (Griffith et al., 2002) . Once parentage could be determined accurately, the question as to whether mate choice can increase offspring fitness through genetic benefits could also be investigated properly. Molecular techniques also now allow for the identification of differences in the underlying genes that may account for variation, both in the trait on which choice is made and in fitness variation [major histocompatibility complex (MHC) genes], which play a major role in determining the vertebrate immune system and therefore, through interactions with pathogens, have an important effect on an individual's fitness (reviewed in Hughes and Yeager, 1998) . Amplifying sections of DNA from the sex chromosomes that differ in length between the genders means that the sex of organisms that were previously difficult to sex, for example, newly hatched nestling birds can be determined (Griffiths et al., 1998) . Such reliable sexing has facilitated research into concepts such as adaptive sex ratio control and sex allocation, for example, whether females adjust the sex ratio of their offspring in response to the sexual attractiveness of their mate. In addition to determining parentage, the comparisons of individual genotypes also allow other patterns of relatedness between individuals to be estimated. This has greatly facilitated research into the evolution of cooperative breeding, since determining relatedness between helpers and those that are helped is an important prerequisite to determining kin-selected benefits.
In this chapter, we show how we have applied molecular tools to investigate and explore the patterns and consequences of social interactions between individuals in the Seychelles warbler, Acrocephalus sechellensis. The aim here is to review how we have investigated important evolutionary questions, such as the evolution of cooperative breeding, inbreeding avoidance and mate choice using this species as a model system. This chapter outlines recent observational and experimental findings, and elaborates on some of the topics published in a previous review (Komdeur, 2003) .
The Seychelles warbler population has many unique attributes that make it ideally suited as a study system in which to examine aspects of evolutionary ecology. First, as the original remnant population of this species was entirely confined to Cousin Island (29 ha; 04 20 0 S, 55 40 0 E), we have been able to study the entire world population. Since 1985, the Cousin Island population has been studied in intimate detail. From 1997 nearly all adults and young have had their blood sampled each year for molecular analyses. Off-island migration by warblers is negligible (only 2 individuals over 20 years; Komdeur et al., 2004a) , so any birds that disappeared could reliably be considered dead. As the population is a closed system, and all breeding attempts were monitored, the complete life history, status, and putative pedigree of nearly all birds are known. In such a system, accurate shortand long-term fitness parameters can be calculated without the problems encountered by most other studies, where survival and reproductive success estimates are confounded by dispersal. This allows for the precise calculation of the total lifetime reproductive success of each individual and for quantification of how current strategies translate into future inclusive fitness. Although our chapter is focused on Seychelles warblers, we will discuss the broader relevance of our findings. We will also draw more general conclusions where appropriate and outline some of the unresolved issues within this field. Finally we will suggest future research objectives.
II. STUDY SPECIES, STUDY POPULATIONS, AND GENERAL METHODS
The Seychelles warbler is a small (15-16 g) insectivorous bird which takes insect prey from leaves. The warbler is a rare endemic that is still confined to a few small islands within the Seychelles archipelago, its current IUCN THE HIDDEN COMPLEXITIES OF THE SEYCHELLES WARBLER red list status is vulnerable (IUCN, 2004) . It is closely related to the migratory great reed warbler Acrocephalus arundinaceus and Australian reed warbler A. australis (Leisler et al., 1997) . The Seychelles warbler is assumed to have originally occurred on most of the Seychelles islands, which constituted a single large island during the last ice age (Collar and Stuart, 1985) . By 1940, anthropogenic disturbance had pushed this species to the verge of extinction and less than 29 individuals remained on the island of Cousin (Crook, 1960; Loustau-Lalanne, 1968; Vesey-Fitzgerald, 1940) . Cousin was purchased in 1968 for Bird Life International with the aim of saving the warbler. From 1968 onward coconut trees were cleared and the native vegetation was allowed to regenerate from the tiny remnants. By 1982 most of Cousin was covered with tropical forest (Bathe and Bathe, 1982) . The population has recovered, and since 1981 has stabilized at around 320 adult individuals (Brouwer et al., 2006; Komdeur, 1992; Komdeur and Pels, 2005; Richardson et al., 2001) . The number of territories reached its saturation level of ca. 115 territories in 1978 (Diamond, 1980) . In each of the years from 1978 the island (apart from the bare hill) has been completely covered by territories with no empty spaces and there has been a surplus of nonterritorial adult birds (Komdeur, 1992) .
Seychelles warblers do not differ from other closely related migratory Acrocephalus warblers in the anatomy of the flight apparatus (Komdeur et al., 2004a) . Despite the potential for sustained flight and the overproduction of adult warblers on Cousin in the last decades, inter-island dispersal has been extremely rare. During the 17 years of study only 2 warblers (0.13%, n ¼ 1599) have crossed the 1.6 km stretch of sea between the islands of Cousin and Cousine unaided (Komdeur et al., 2004a) . Given the vulnerability of a single isolated population, and the extremely small chance of successful establishment on unoccupied islands by unaided warblers, it was decided to establish new populations through translocations. New populations were established by introducing 29 individuals to each of the islands of Aride (68 ha) and Cousine (26 ha) in 1988 , respectively (Komdeur, 1994a , and 58 individuals to the island of Denis (140 ha) in 2004 (L. Brouwer, J. Komdeur, and D. S. Richardson, unpublished data) . During the years following the translocation, with higher food availability per territory, warblers on the new islands had significantly higher reproductive success than birds remaining on Cousin. The Cousine population had increased to 130 individuals in 1996 and has stabilized at this level, the Aride population grew to ca. 1850 individuals by 2003, and the Denis population to 82 individuals in 2006 (L. Brouwer, J. Komdeur, and D. S. Richardson, unpublished data) . The conservation status of the warbler has, consequently, improved from endangered to vulnerable (IUCN, 2004) .
Like many other tropical bird species, the socially monogamous Seychelles warbler is long lived. Adult birds have high annual survival (84%; Brouwer et al., 2006; Komdeur, 1996a) , and average life expectancy after reaching 1 year of age is 5.5 years (maximum observed life span is 21 years). Birds normally inhabit year-round stable territories and are paired with the same mate, sometimes for as long as 9 years (Komdeur, 1992) . On Cousin Island, food supplies and reproduction are highly seasonal with peaks of nest building occurring during 1 month per year from May to August. In all years there is also a smaller nesting peak from December to February, separated from the main season by a distinct gap (Komdeur, 1996a) . The warblers time their nest building such that the presence of nestlings is synchronized with the peak abundance of food (Komdeur, 1996a) . On Cousin Island, the warbler usually produces one clutch per season and this normally consists of just one egg, but about 20% of nests contain two or three eggs (Komdeur, 1996a; Richardson et al., 2001) . Females incubate alone for about 17-19 days. Nestlings are fed in the nest for 18-20 days prior to fledging, and then for at least 6 months (and sometimes up to a year) before reaching independence (Komdeur, 1996a) . This is an extremely long period of dependence for a passerine species; no other passerine has a typical fledgling period as long as 6 months, indeed the mean fledging periods for other passerine birds is only about one tenth that of the Seychelles warbler (Bennett and Owens, 2002) . Although warblers can breed independently in their first year, a lack of suitable independent breeding opportunities drives some sexually mature individuals into becoming subordinates within their natal territory (Komdeur, 1992; Richardson et al., 2003a) . Though not all territories support subordinates; indeed in any year only $30% of territories do (Richardson et al., 2002) . Additional adult birds in the territory do not always assist in the groups' reproductive attempt (i.e., they do not nest guard, incubate eggs, or provision chicks) hence we use the term ''subordinate'' for any additional adult (including helpers or nonhelpers) rather than ''helper'' (Richardson et al., 2002) . The Seychelles warbler is atypical among cooperative breeding birds in that females are more likely to become subordinates than males. The observed percentage of subordinates that are female is $68% (Richardson et al., 2002) . Females are nearly always to become subordinates on their natal territory, whereas a significant percentage of males (25%) become subordinates on nonnatal territories (Richardson et al., 2002) . This results in lower levels of relatedness between male subordinates and group nestlings. Many, but not all, of these subordinates play an active role in the groups reproductive attempts (58%, Komdeur et al., 2004b; 68%, Richardson et al., 2002) by helping with nest building (mainly females), incubation (females only), nest guarding (mainly males), and feeding of dependent young (Komdeur, 1994b) . These individuals are designated as helpers and are more likely to be female than male (88% vs 12%, Komdeur, 1996b) .
The Cousin Island population of Seychelles warblers has been monitored since 1981, intensively so between 1985 and 2006. During this time, many of the birds (>96% of birds since 1997) have been individually color-ringed using a unique combination of two color rings on one leg and one color ring and an individually numbered British Trust for Ornithology ring on the other leg. During the breeding seasons (May to August, December to February), all territorial groups of warblers (ca. 115) were checked for the presence of color-ringed birds and nesting activity, at least once every 2 weeks, by following the resident female for 15 min continuously (the female alone is involved in nest building). This observation period was long enough to determine whether birds were nest building (Komdeur, 1996a) . Once the nests were found, they were observed throughout the breeding cycle. Each fully built nest was checked regularly for the presence of a clutch or a nestling, either with help of a long stick and angled mirror or by observing the birds' behavior. Observations on incubation and provisioning were made for all the breeding attempts. Observation periods typically lasted 1 h. Whether or not each nestling fledged successfully was recorded. Behavioral observations were used to determine the status of all birds within each territory. The primary male and female were defined as the dominant, pair-bonded male and female in a territory, and the term ''subordinate'' included all other bird (>8 months old) resident in the territory. We traced all individually marked birds and monitored their breeding activity throughout their lives.
Between 1993 and 1996 as many nestlings and adults as possible were blood-sampled during the main breeding season (May to August) each year. Moreover, since 1997 until the present day, almost the entire adult population (>97%) and all the young have been blood sampled each year. Blood samples (about 15 ml) were taken by brachial venipuncture and diluted in 800 ml of 100% ethanol in a 2.0-ml screw-cap microfuge tube and stored at room temperature. Dead embryos were extracted from eggs that failed to hatch and stored in 100% ethanol. From 1995 onward we have attempted to sample all offspring produced in each breeding season. This allowed for the precise calculation of the total number of young produced over the entire lifetime of helpers and both members of the breeding pair. As the warblers are insectivorous, the quality of each territory depends on the abundance of insect prey available, amount of foliage and territory size. The quality of each territory was determined in each main breeding season (June to September) by measuring these variables and calculating territory quality. Territories have been classified into three territory quality categories: low-, medium-, or high-quality (for further details of territory quality measurements, see Komdeur, 1992 Komdeur, , 1994b .
III. COOPERATIVE BREEDING
The widespread occurrence of apparently altruistic cooperative behavior among animals is paradoxical for evolutionary biologists as, since Darwin (1859) , the general expectation is that individual behavior will be selfish in order to promote individual fitness (Dawkins, 1976; Maynard Smith and Szathmá ry, 1995) . Therefore, evolutionary theory predicts that animals will evolve strategies that maximize their fitness (Maynard Smith, 1978) . A classic example of cooperation which has proven hard to explain comes from cooperative breeding. In some species individuals live and breed in bisexual groups of three or more adults and share parental care at a single nest (Brown, 1987; Stacey and Koenig, 1990) . Some of these mature individuals are subordinates that do not breed independently but instead provide care to young that are not their own genetic offspring. Such helpers usually assist by feeding young, but also with defense of the young or the territory (Brown, 1987; Dickinson and Hatchwell, 2004; Emlen, 1997; Russel, 2004; Stacey and Koenig, 1990) . Sometimes individuals spend all of their lives helping others to reproduce. Typically, such cooperative breeding systems comprise family groups that live together on permanent, stable territories. Among vertebrates, cooperative breeding is found in at least 3% of bird and mammal species (Arnold and Owens, 1998; Brown, 1987; Sibley and Monroe, 1990) and in some fish species (Taborsky, 1994) . There is a particularly high frequency (19%) of cooperative breeding in oscine passerine species (Cockburn, 2003) , in Australian birds (Arnold and Owens, 1998; Russell, 1989) , and in primate species (Kappeler, 2007) .
Although the existence of helpers within cooperative breeding systems has been known for many years (Skutch, 1935) , it was not until Hamilton (1964a,b) and Maynard Smith (1964) developed the theory now referred to as ''kin selection,'' that there was a firm foundation for the empirical study of cooperative breeding. These authors argued that the fitness of each individual is determined by the total number of genes, identical by descent to its own, that are present in subsequent generations. Consequently, helpers can increase their fitness indirectly through enhancing the reproductive success of close relatives. In most species the indirect genetic fitness benefit gain from helping is likely to be considerably less than the potential direct genetic gain from immediate independent breeding, if a territory and mate could be obtained (Brown, 1987) . Therefore, understanding why mature individuals delay dispersal is the key to understanding the evolution of cooperative breeding. As such, the evolution of the traditional vertebrate cooperative breeding system is usually viewed as a two-step process. First, the decision by grown offspring to delay dispersal and independent breeding by staying in the natal unit, and second, the decision by those individuals who have stayed at home to become helpers (Emlen, 1982) . The first step is usually attributed to the existence of ecological constraints, such as a shortage of breeding territories or mates, that prevent offspring from becoming independent breeders (''ecological constraints'' hypothesis; Emlen, 1982 Emlen, , 1991 reviewed in Arnold and Owens, 1998, 1999; Brown, 1987; Hatchwell and Komdeur, 2000; Koenig et al., 1992) . The second step envisages that individuals that have already delayed dispersal can gain a net fitness benefit by becoming subordinates in a group (''benefits of philopatry'' hypothesis; Ligon, 1987, 1991) . Originally the ''benefits of philopatry'' hypothesis was proposed as an alternative explanation for the ''ecological constraints'' hypothesis for delayed dispersal Ligon, 1987, 1991) . However, the distinction between these two hypotheses has been much debated (Emlen, 1991; Heinsohn et al., 1990; Koenig et al., 1992; Walters et al., 1992; Zack, 1990) .
One of the main reasons for initiating a study on Seychelles warblers was to unravel the relative roles of the ''ecological constraints'' and the ''benefits of philopatry'' hypotheses in the evolution of cooperative breeding. Although warblers can breed independently in their first year, some individuals remain in their natal territories as subordinates, and often help provision nondescendent offspring. In the Seychelles warbler, there are two lines of evidence against the ''ecological constraints'' hypothesis being the sole reason for cooperatively breeding. First, territory quality has a significant effect on dispersal: vacancies arising on territories are mostly filled by subordinates from territories of the same or lower quality (Komdeur, 1992) . Second, individuals that delay reproduction in highquality territories and later breed there have, on average, greater lifetime fitness than those that disperse and breed immediately in lower quality territories. On average 0.85 fledglings were produced each year in the high-quality territories, but only 0.19 in the poor areas. If a young bird in a good territory stayed to help rather than going off to build its own nest, the parents' output rose from 0.85 to 1.62 fledglings per year. In other words, subordinate helpers really helped, nearly doubling production (an extra 0.77 fledglings per year). This increase is about four times the output from the poor areas (0.19 fledglings per year), the most likely breeding site for these young if they had become independent. Subordinate helpers therefore increase their own fitness by staying home because they are helping to propagate copies of their own genes (Komdeur, 1992) . These results support the ''benefits of philopatry'' hypothesis, which emphasizes the lifetime inclusive fitness benefits from staying at home. The transfer of warblers to the unoccupied islands of Aride and Cousine allowed for a direct experimental test of this hypothesis. Directly after translocation there was no cooperative breeding, but as all high-quality areas became occupied, young birds born on high-quality territories began to stay as helpers rather than occupying breeding vacancies on low-quality territories. Therefore habitat saturation and territory quality both appear to be involved in the evolution of cooperative breeding (Komdeur, 1992; Komdeur et al., 1995) . These results provided strong experimental confirmation of the two previously debated hypotheses. As stated by Mumme (1992a) , the Seychelles warbler results showed that the ''benefits of philopatry'' hypothesis can be accommodated successfully within the ''ecological constraints'' hypothesis by recognizing that they differ only in the emphasis they place on either the costs of leaving or the benefits of staying. Both hypotheses are based on the assumption that a cost-benefit analysis of leaving versus staying is resolved in favor of the latter option (Emlen, 1994 (Emlen, , 1997 Koenig et al., 1992 , Mumme, 1992a ; but see Ligon, 1999) .
For the fitness calculations in the above study on the Seychelles warbler relatedness was estimated from genealogical data. Because subordinates normally remain on their natal territory and assist the breeding pair with raising the subsequent offspring (Komdeur, 1992) , we assumed that subordinates were first order relatives (related by 0.5) of the breeding pair and the offspring they help to raise. However, this observational approach can be inadequate because complex patterns of shared reproduction and extragroup paternity may be overlooked. Without the ability to assess genetic relatedness and parentage we also assumed that the dominant male and female were the genetic parents of the young they reared, and that no reproduction was achieved by the subordinate within the group. In the next section, we describe the outcome of molecular investigations into relatedness and parentage analyses in the Seychelles warbler, and how these were used to address questions relating to the evolution of cooperative breeding. It was thought that subordinates base their helping decisions on the presence of their parents within the territory. Subordinates were more likely to help feeding nestlings when both parents were still present in the territory than when one or both parents have been replaced (Komdeur, 1994c) . However, the efficiency of these cues in maximizing indirect fitness benefits had to be tested using parentage and molecular-based coefficients of relatedness.
A. INDIRECT BENEFITS
Indirect benefits have been suggested to be a major selective force behind the evolution of cooperative breeding (Emlen, 1997; Emlen and Wrege, 1988; Foster et al, 2006; Hamilton, 1964a,b; Koenig et al., 1992; Maynard Smith, 1964; Mumme 1992b; Mumme et al., 1989; Wilson, 2005; Wilson and Holldobler, 2005) . These benefits accrue if helping obeys two requirements. First, helping should result in the improved reproductive success of the breeding pair. Many studies of vertebrate cooperative breeding systems have shown that helpers do enhance breeder fitness (reviewed in Cockburn, 1998; Emlen, 1991 Emlen, , 1997 . In the Seychelles warbler, we demonstrated experimentally that helping behavior significantly improved the reproductive success of the breeding pair. The removal of subordinate helpers resulted in lower reproductive success for the breeding pair compared with control pairs for which the subordinates had not been removed (Komdeur, 1994b) . Second, subordinates have to help related individuals. Studies on subordinate investment in species where relatedness between subordinates and nestlings has been estimated using genealogical data have provided mixed evidence for kin preferences (Emlen, 1997; Griffin and West, 2003; Komdeur and Hatchwell, 1999; Komdeur et al., 2007) . Some studies have shown no relationship between the level of investment by subordinates and kinship (Clutton-Brock et al., 2000 Cockburn, 1998) . Others have shown facultative adjustment of helping by subordinates toward close kin (Arnold, 1990; Clarke, 1984; Curry, 1988; Emlen and Wrege, 1988; Komdeur, 1994c; Reyer, 1984; Russel, 1999) . However, in many situations where close genetic relationships were thought to exist (i.e., subordinates helping their ''social'' parents), shared reproduction by primary and subordinates, and/or extra-group paternity only revealed by the use of molecular techniques, have resulted in lower levels of withingroup relatedness than originally predicted (Brooker et al., 1990; Dickinson and Akre, 1998; Mulder et al., 1994) .
The recent characterization of a large number of microsatellite markers for the Seychelles warbler (Richardson et al., 2000) provided us with the tools to genotype individuals and develop a protocol to assign parentage in this species (Richardson et al., 2001) . We also used the software program KINSHIP (Goodnight and Queller, 1999) to calculate individual pairwise relatedness values based on microsatellite genotype similarity (Richardson et al., 2000) . Using these protocols, we revealed two features of the warbler's ecology that do not allow an accurate assessment of kinship based on social pedigrees. (1) Shared maternity. Both the dominant and subordinate females lay eggs within the nest. The incidence of female subordinate producing offspring is high in the Seychelles warbler; each year 44% of female subordinates gained parentage within their own group, and 15% of all offspring produced on the island were attributed to subordinate females (Richardson et al., 2001) . Joint nesting in female warblers is not the result of conspecific brood parasitism, in which a female from outside the territory lays eggs in a conspecific female's nest and leaves without providing parental care (Andersson, 1984; Petrie and Møller, 1991; Yom-Tov, 1980) . Egg dumping between groups does not occur (Richardson et al., 2002) . None of the male subordinates gained paternity within the group (Richardson et al., 2001) . These findings are important for two reasons: (i) being able to produce offspring means that the direct benefits of being a subordinate female are much higher than previously thought and, importantly, considerably higher than the indirect benefits (see below); (ii) as all the offspring in the territory are not produced by the same female relatedness between the subordinate and nestlings (that she herself did not produce), may be considerably lower than previously thought. Basically, the social female in the territory will often not be the mother of both the subordinate helper and the new nestlings. Lower levels of relatedness will reduce the potential indirect benefits of helping such nestlings (Richardson et al., 2002) . (2) Extra-group paternity. Extra-group paternity is relatively high in the Seychelles warbler, responsible for 40% of offspring (Richardson et al., 2001) . This dramatically reduces levels of relatedness between subordinates and the offspring they may be helping. The chance that the same male fathered both the subordinate and the nestling produced at a later stage is low. These two findings, that maternity is shared and the extra-group paternity is high, suggest that levels of relatedness originally predicted from the genealogical data will be very misleading. Furthermore, they highlight how important kin discrimination may be if individuals are to gain significant indirect benefits through helping in such systems.
B. KIN DISCRIMINATION BY SUBORDINATES
Those individuals that can discriminate between kin and nonkin and preferentially help only their kin will be able to maximize indirect benefits and, therefore, gain an evolutionary advantage. Using coefficients of genetic relatedness between individuals in the Seychelles warbler, we were able to test whether subordinates preferentially help more closely related nestlings. Investment in provisioning varied greatly between the different members of the cooperative groups. Female subordinates that gain parentage appear to accurately assess this fact and always provisioned. However, for female subordinates that did not gain parentage, provisioning was positively correlated to their relatedness to the dependent nestlings. This was not the case for rarer male subordinates, who also provisioned less in general ( Fig. 1A ; Richardson et al., 2003a) . Compared (using one sample t-tests) to the zero background level of relatedness between individuals within the population (set in KINSHIP; Goodnight & Queller, 1999) , female subordinates that helped were significantly related to nestlings (mean r ¼ 0.27), whereas female nonhelpers were not (mean r ¼ À0.05; Fig. 1B ). So nonparent female subordinates do appear to adjust their provisioning effort according to their kinship to the nestling. For male subordinates neither helpers nor nonhelpers were significantly related to nestlings (mean r ¼ 0.01 and À0.19, respectively), nor was there a significant difference in the relatedness of the two groups ( Fig. 1B ; Richardson et al., 2003a) .
For indirect benefits to accrue, there must not only be relatedness between the donor (i.e., the subordinate) and the recipient (i.e., the nestlings), but also benefits to the recipient (Hamilton, 1964a,b) . In Seychelles warblers, the amount of food brought to the nestling determines fledging success and first year survival (Komdeur, 1991) , and the presence of helpers increases the number of young fledged on a territory (Komdeur, 1994b) . During the study for which genetic relatedness was estimated, the number of fledglings produced on a territory increased significantly (by 17%) for each subordinate present, even after excluding direct parentage (Richardson et al., 2002) . Therefore, the preferential provisioning of related young by female subordinates does increase the number of related offspring produced and so helps maximize the indirect benefits of cooperative breeding. On the other hand, male subordinates, who provision less than females, and who are not significantly related to the nestlings they do provision, do not appear to help in order to gain indirect fitness benefits.
C. KIN SELECTION CUES
While it is true that animal altruists tend to be related to the individuals they help, whether this is the result of active kin selection or merely a result of passive processes, such as delaying dispersal and remaining with the natal territory or group, has long been a matter of debate (Griffin and West, 2003; Komdeur and Hatchwell, 1999) . There is evidence that some animals use sophisticated mechanisms (e.g., plumage characteristics, Petrie et al., 1999; Shorey et al., 1994; vocalizations, Sharp et al., 2005; or odors, Mateo, 2006; Mateo and Johnston, 2000) to discriminate between related and unrelated individuals. However, it could be that environmental or ecological factors predict relatedness so well that simple behavioral rules could offer reliable and effective means to discriminate between kin and nonkin.
Typical cooperative breeding systems, where helpers assist with raising subsequent broods on their natal territory (Brown, 1987) , are characterized by an extended period of association with kin, stable and strong natal philopatry, limited access to breeding sites, and the presence of long-lived individuals (Arnold and Owens, 1998; Emlen, 1991; Hatchwell and Komdeur, 2000; Stacey and Koenig, 1990) . If discrimination rules are learnt during development then periods of exclusive and prolonged association with relatives may facilitate such learning. In most cases, kin-directed helping precedes dispersal and independent breeding. In such situations, a decision rule ''care for any offspring in my natal territory'' could serve as a reliable discriminator between kin and nonkin. Furthermore, the long period of extended care may allow the helper to develop a simple rule of thumb such as ''help anyone who fed me as a nestling,'' which may also be a good predictor of relatedness. Indeed, current evidence does suggest that learning through association is the most likely mechanism of kin discrimination in vertebrate societies . However, other behavioral, ecological, or life history traits may act to reduce the effectiveness or reliability of such acquired ''discrimination through association'' rules. First, the longer a helper remains on its natal territory the higher the probability that there will be some turnover of breeders and, consequently, a reduction in its relatedness to the helped brood. However, in theory, as long as the putative period in which discrimination cues are learnt is relatively early on in development before any breeder turnover occurs, discrimination through association can avoid this problem. Second, shared parentage and extra-pair paternity (EPP) within broods occur in many cooperatively breeding species (Cockburn, 2004 ). This may not have a major impact on a helper's relatedness to the brood provided that parentage is shared among its relatives within the social group, as in acorn woodpeckers, Melanerpes formicivorus (Haydock et al., 2001) . But, in the Seychelles warbler where paternity is often gained by nonkin from outside the social group (Richardson et al., 2002) , a helper's kinship to the helped brood may be substantially reduced. In such cases, helpers need to develop more sophisticated ways of reliably determining their true relatedness to a brood.
As explained above, female Seychelles warblers do appear to effectively maximize indirect benefits (Richardson et al., 2003a,b) , which suggests they have evolved some accurate means of kin discrimination. The life history parameters of this species provide a situation in which effective kin discrimination through association may develop. Breeding pairs normally remain together within a territory as long as both birds survive and offspring have a long period of dependence, remaining on the natal territory for at least 6 months (Komdeur, 1992) . Evidence that kin discrimination by nonparent female subordinates is achieved through association, and not by direct assessment of relatedness, is twofold. (i) When a subordinate female had a choice of helping at two different nests built by two different females which were present during different periods on her natal territory, she did not always feed the nestling to whom she was most related, instead she only fed at those nests with breeders which had fed her as a nestling (Komdeur, 1994c) . (ii) The decision to help a breeding pair appears to be based on the continued presence of the primary female (but not the male) who previously fed the subordinate in the nest (Richardson et al., 2003a,b) . Female subordinates provisioned significantly more when the primary female that fed them as chicks was still present in the territory (Fig. 2) . The female's continued presence predicted the subordinate's provisioning behavior better than did subordinate-primary female or subordinate-nestling relatedness. As the continued presence of the primary female reliably indicated relatedness to the nestling (Richardson et al., 2003a,b) , this cue was effective in maximizing indirect benefits for subordinates. Levels of provisioning did not alter with the presence/absence of the primary male (Fig. 2) . The fact that the primary male was not used as a cue is logical in an evolutionary sense, as high levels of female infidelity (40% extra-group paternity, Richardson et al., 2001 ) mean that subordinates are often unrelated to the primary male. Consequently, his continued presence did not indicate relatedness between the subordinate and nestling (Richardson et al., 2003a,b) . This study is the first to show that an associative learning mechanism could have evolved to be focused only on one sex (the female attendant at the nest), the sex to which the subordinates are reliably related. However, these data were only correlative. A cross-fostering experiment was also conducted which produced nestlings that were unrelated to the primary female that raised them and control nestlings that were closely related to their primary females. The proportion of cross-fostered and control female offspring that stayed and became helpers on their ''natal'' territory did not differ significantly ( Fig. 3 ; Komdeur et al., 2004b) . For both groups, the chance of becoming a subordinate helper was associated only with the continued presence of the primary female; no control or cross-fostered females helped when the primary female died and was replaced by another female ( Fig. 3 ; Komdeur et al., 2004b) . These results strongly supported the idea that helping is based on associative-learning cues and not on the direct assessment of genetic relatedness. Although the decision rules used by female subordinates to discriminate effectively between related and unrelated nestlings are now well understood, the associative-learning period and recognition cues (e.g., calls or plumage characteristics) used by subordinate females to distinguish between primary females have not yet been investigated.
Studies like ours on the Seychelles warbler clearly demonstrate that subordinates can use kin discrimination to maximize the indirect benefits of helping in cooperative breeding systems. However, there are many other cooperative breeding societies where related subordinates do not help (Clutton-Brock, 2002; Cockburn, 1998) , or where helpers are unrelated to Richardson et al., 2003b.) the young but still invest as heavily as close relatives (reviewed in Komdeur et al., 2007) . Such behavior could result from recognition errors, the acceptance threshold being set relatively high or low, respectively. While helpers doubtless make recognition errors, these are unable to account for all instances of cooperation between nonkin. Therefore, although the majority of cooperative breeding systems involve some degree of kinship (Emlen, 1995) , this may often be due to the benefits of philopatry and helping rather than the benefits of helping per se (Clutton-Brock, 2002) . In some cases, helpers actively compete for access to unrelated offspring (Clutton-Brock et al., 2000; Dunn et al., 1995; Magrath and Whittingham, 1997 ). For the above reasons an adaptive explanation for care being given by helpers to nonkin is that helpers may foster ''social bonds'' with recipient young, bonds that later benefit the helper either by increasing the probability that the young will return the favor, or by promoting development of coalitions beneficial in competing for breeding positions (Emlen, 1991; Emlen et al., 1991; Ligon 1983) . Thus, by feeding unrelated offspring, .f. ¼ 1, p ¼ 0.253) and in relation to the new primary females that replace the primary (foster) females that raised the subordinates (absent). Only those subordinates that could have been helpers, because nests with young were present in their natal territory, were included (n ¼ 38 individuals). Circles indicate mean relatedness of subordinates (AES.E.) to the primary females and primary foster females that raised the subordinates and were still present on the territory (present; t 20 ¼ 3.48, p ¼ 0.002) or to new primary females that replaced the primary (foster) females that raised the subordinates (absent). The number of subordinates is indicated. (Adapted from Komdeur et al., 2004b.) helpers may parasitize a kin-recognition mechanism based on associative learning; the deceived offspring recognize those who care for them as kin and later help rear their provisioners' offspring (the ''kinship deceit hypothesis''; Connor and Curry, 1995) . An alternative hypothesis is that helpers increase their own survival and future reproduction by cooperating with others (direct fitness benefits; see below). In these situations, the ability to discriminate kin from nonkin is not necessarily a prerequisite. To conclude, it should be clear that the selection for an effective kin discrimination mechanism will depend on the importance of kin selection in the evolution of a particular species' cooperative system. No kin discrimination is expected if the only benefit of helping is to increase the helper's direct fitness, and the acceptance threshold for effective kin discrimination would be expected to become more stringent as the relative importance of indirect fitness benefits increases (Griffin and West, 2003) .
D. DIRECT BENEFITS
The widely held view that kin selection is the explanation for the evolution of alloparental care in all vertebrate systems has recently been questioned (Cockburn, 1998; Dickinson and Hatchwell, 2004; Emlen, 1995 Emlen, , 1997 Komdeur, 2006) . The reasons are threefold. First, several cooperative breeding societies have been described where subordinates do not appear to provide help (Cockburn, 1998) . Second, there are reports of cooperative systems containing unrelated subordinates that help raising offspring (Clarke, 1989; Creel and Creel, 2002; Reyer, 1980; Rood, 1990; Sherley, 1990; Stiver et al., 2004; Whittingham et al., 1997) , and many studies have found no correlation between helping effort and relatedness (CluttonBrock et al., 2000; Dunn et al., 1995; DuPlessis, 1993; Magrath and Whittingham, 1997; Rabenold, 1985; Zahavi, 1990) . One factor that complicates the study of benefits within cooperative breeding systems is that different members of the same group may incur different costs and benefits from helping (reviewed in Cockburn, 1998; Heinsohn and Legge, 1999) . For example, studies on birds indicate that benefits differ between the sexes (Cockburn, 1998) . Therefore, any study focusing on the benefits of cooperative breeding in systems with subordinates of both sexes should analyze the sexes separately. Such differences might in turn help to explain the skewed sex ratios of subordinates often seen in cooperative species (West and Sheldon, 2002) . With the advent of molecular genotyping techniques to accurately determine patterns of relatedness we are now able to quantify the indirect and direct benefits accruing to different subordinates within cooperatively breeding species.
THE HIDDEN COMPLEXITIES OF THE SEYCHELLES WARBLER
Previous work on the Cousin Island, population of Seychelles warblers showed an increased production of offspring by the recipients of help (Komdeur, 1994b) . However, this study did not control for the possibility of subordinates gaining direct parentage. As shown in the previous section, many (44%) female subordinate Seychelles warblers gained direct parentage within their group. Subordinate males very rarely gained direct benefits through parentage within the group (Richardson et al., 2002) . On the other hand, subordinate Seychelles warblers do not gain fitness benefits through direct reproductive success on territories other than their own. Egg dumping between groups does not occur in the Seychelles warbler and subordinate male warblers do not increase their reproductive success through extra-group paternity, as all extra-group offspring are sired by dominant breeding males (Richardson et al., 2001 (Richardson et al., , 2002 . Using parentage analyses and a coefficient of relatedness we determined, in terms of genetic equivalents, the direct breeding benefits and the indirect benefits for each subordinate within a population of the Seychelles warbler. Fitness benefits were measured using the number of nestlings produced. The study showed that the direct breeding benefits accrued by subordinates were much greater than the indirect benefits. After removing the direct offspring produced by subordinates, Seychelles warblers did still gain indirect fitness benefits through cooperative breeding. On average, the presence of a subordinate on a territory resulted in a significant increase in the number of nondescendent offspring in a territory (0.18 extra offspring produced per subordinate; Richardson et al., 2002) . However, because of low levels of relatedness between subordinates and nondescendent kin (especially for males), this translated into a relatively small indirect fitness benefit gain for female subordinates (mean offspring equivalents: females ¼ 0.07 AE 0.26, males ¼ 0.04 AE 0.17). Furthermore, as male subordinates are not more related to the offspring in the territory than expected by chance, indirect benefits could be considered to be nonexistent for males.
For female and male subordinates direct benefits were significantly higher than indirect benefits, although this difference was more extreme in females, which gained significantly more direct benefits than males (Fig. 4) . The combined benefits also tended to be higher for females (p ¼ 0.07). The direct breeding benefits of cooperative breeding are, on average, six times greater than the indirect benefits (offspring equivalents; 0.36 vs 0.06, respectively; Fig. 4 ), suggesting that direct benefits are a stronger selective force behind the evolution of cooperative breeding than indirect benefits. It is, however, important to note that the estimates of indirect benefits are the average level for all nonparent subordinates. Variation in relatedness between the female subordinates and nestlings, combined with the adjustment of helping effort based on accurate kin discrimination, means that indirect benefits can be maximized and that they will be considerably more important for some female subordinate than others (see Section C above).
Another criticism of our study is that by only measuring the production of nestlings we did not also take into account future indirect fitness benefits (Mumme et al., 1989 , reviewed in Cockburn, 1998 Emlen, 1995) . Postfledgling survival is greater in territories with subordinates in the Seychelles warbler (Komdeur, 1994b) , but this will equally benefit subordinates' descendent and nondescendent offspring and would not change the relative importance of direct and indirect benefits. On the other hand, future direct benefits are important in the Seychelles warbler. For example, the acquisition of parenting skills by female subordinates result in them being superior breeders when they acquire a territory (Komdeur, 1996c) . Male subordinates may also gain by budding off part of a territory that has been enlarged through group augmentation (Komdeur and Edelaar, 2001 ). However, the inclusion of the extra direct benefits that subordinates gain would only provide further support for the predominant role of direct benefits in the evolution and maintenance of cooperative breeding in the Seychelles warbler. Finally, the fact that females gain much higher levels of indirect benefits than do males may explain why most subordinates in the Seychelles warbler are female. Alternatively, it may be that primary birds preferentially accept female subordinates. Indeed, previous studies have shown that primary females on high-quality females skew the sex ratio of eggs (88% of female eggs) so as to produce a greater proportion of female offspring, which will become subordinates in subsequent year (Komdeur, 1996b; Komdeur et al., 1997) . This preference for female subordinates may be explained by the greater benefits accruing to primary birds through having female rather than male subordinates. With female subordinates the primary birds gain both an increase in their own productivity and also the indirect benefits associated with subordinate females breeding (J. Komdeur, D. S. Richardson, T. Burke, and S. T. Emlen, unpublished data). Indeed, primary females do not appear to control (or constrain) reproduction by subordinate females: There is no aggression among females at the nest around the time of egg laying. Primary females do not remove the other female's egg (or experimentally introduced eggs), before or after laying their own, nor do they desert the nest because of such egg laying (Komdeur, 2005) . Male subordinates do not increase the group's productivity by ''laying'' eggs in the nest as female subordinates do, but rather compete with the dominant male for the fertilization of these eggs.
IV. INBREEDING AND INBREEDING AVOIDANCE
The deleterious effects of inbreeding can be substantial in wild populations (reviewed in Crnokrak and Roff, 1999; Frankham et al., 2002) and can contribute toward driving populations to extinction (Bijlsma et al., 2000; Brook et al., 2002; Frankham, 1998; Saccheri et al., 1998) . Various mechanisms have evolved to avoid the possibility of inbreeding in animals, for example, sex-biased dispersal or reproductive suppression (reviewed in Pusey and Wolf, 1996) . Kin recognition is important in relation to helping behavior and kin selection as discussed above, but may also be important for incest avoidance (Koenig and Haydock, 2004) . In situations where inbreeding may still occur, that is in kin-structured populations where individuals are likely to encounter closely related potential mates, social mate choice to avoid inbreeding should be favored by selection (Crozier, 1987; Pusey and Wolf, 1996) . However, this avoidance behavior does not occur in all species (Craig and Jamieson, 1988; Keane et al., 1996; Keller and Arcese, 1998) and there are many situations, for example, social monogamy, where social mate choice is restricted and may lead to nonoptimal pairings (Kruuk et al., 2002) .
Our studies on the Seychelles warblers show that this species do not appear to avoid inbreeding through social mate choice. (i) Primary females were no less related to their social mates than expected by chance across the whole population (mean r ¼ 0.01 vs 0.00; Richardson et al., 2004) . Furthermore, although subordinates are not necessarily making a social mate choice when deciding to remain on a territory, it is clear that the decision to stay is not based on avoiding the possibility of being in a territory with a related male: subordinate females were more related to the primary male than expected by chance across the population ( Fig. 5 ; mean r ¼ 0.14 vs 0.00) and were also more related to the primary male than were primary females . Consequently, subordinate females that mate with the primary male in their own territory will often produce inbred offspring, though this is probably a constraint of being a subordinate rather than due to active mate choice. Such matings result in the higher than random level of inbreeding between first-order relatives observed in this population ( Fig. 6 ; Richardson et al., 2004) . (ii) If females are aiming to avoid incestuous matings then we would expect females to gain a breeding territory further away from the natal territory than males for the following Mean pairwise relatedness between the mother (either primary female or subordinate female) and the primary male in a territory, compared to the pairwise relatedness of random dyads on Cousin Island. Primary female-primary male pairs were not more related than expected by chance (0.008 AE 0.22 vs 0; one-sample t-test; t ¼ 0.34, d.f. ¼ 77, p ¼ 0.73). Subordinate female-primary male pairs were significantly more related than expected by chance (mean ¼ 0.14 AE 0.20 vs 0; one-sample t-test; t ¼ 2.95, d.f. ¼ 18, p < 0.01) and were also more related than were primary female-primary male pairs (mean ¼ 0.14 AE 0.20 vs 0.008 AE 0.22; t ¼ reason. The frequency of extra-group paternity is high (40%) in the Cousin population, and extra-group males are normally from adjacent territories (number of territories away from natal territory where 0 ¼ adjacent territory: mean 1.9 AE 2.2, median ¼ 1, range 0-6; Fig. 7 ; Richardson et al., 2001) . Consequently, females that disperse a short distance will have a higher chance of dispersing into the territory that holds their genetic father than females dispersing further. In contrast, as territory switching is rare (Eikenaar et al., 2007; Komdeur, 1996c) and egg dumping nonexistent in the Seychelles warbler (Richardson et al., 2001) , males that disperse a short distance have an equally low chance of dispersing into the territory that holds their genetic mother as do males that disperse further. In agreement with this, the average dispersal distances between natal and breeding territory was significantly larger for females than males (females: 4.0 AE 4.0 territories, n ¼ 69; males: 2.0 AE 2.0 territories, n ¼ 86; Mann-Whitney: Z ¼ 2.67, p < 0.01; Eikenaar et al., 2007) .
Where inbreeding avoidance through social mate choice does not occur, extra-pair mate choice may have evolved as a mechanism to avoid inbreeding (Bensch et al., 1994; Brooker et al., 1990) . We investigated this possibility in the Seychelles warbler. Parentage analysis confirmed the results of an earlier study (Richardson et al., 2001) showing that a high Richardson et al., 2004.) level of EPP occurs in the Seychelles warbler (37% of offspring; Richardson et al., 2004) . However, females (primary or subordinate) do not appear to use EPP to avoid inbreeding in a facultative manner, as they did not preferentially gain EPP when closely related to the primary male in the territory. Moreover, for primary females the genetic fathers of their extrapair offspring were no less related to them than were the cuckolded primary males. One prediction-that subordinate females, who were often highly related to the primary male, should gain higher levels of EPP to avoid incestuous mating-was upheld. Female subordinates did have significantly higher levels of EPP than primary females (58% vs 32%, w 2 ¼ 4.24, d.f. ¼ 1, p ¼ 0.04). Furthermore, the extra-pair offspring produced by subordinate females were more heterozygous (less inbred) than the within-pair offspring they produced (Fig. 8) . Consequently, EPP in subordinate females The map shows all territories on Cousin island in July 1999. Arrows point from the territory of the assigned extra-group male to the natal territory of the extra-group offspring. (Adapted from Richardson et al., 2001.) did appear to reduce inbreeding in their offspring. However, on a case for case basis the probability of EPP was not directly influenced by how related they were to the primary male.
V. MATE CHOICE
The existence and nature of indirect genetic benefits to mate choice remains a major unresolved question within evolutionary biology (reviewed in Jennions and Petrie, 2000) . It has been hypothesized that females may gain indirect benefits through the acquisition of good paternal genes (Hasselquist et al., 1996; Petrie, 1994) or the enhanced genetic compatibility of maternal and paternal genomes (Jennions and Petrie, 2000; Zeh and Zeh, 1996) . Several studies have provided evidence that mate choice can increase offspring fitness through genetic benefits (Hasselquist et al., 1996; Petrie, 1994; Wilkinson et al., 1998) . But almost no studies have identified the underlying genes that may account for variation both in the trait on which choice is made and in fitness variation (von Schantz et al., , 1997 Wilkinson et al., 1998) . Such indirect genetic benefits have long been evoked to explain active mate choice in situations where direct benefits do not appear to be gained, for example, where females in socially Richardson et al., 2004.) monogamous species pursue extra-pair copulations (EPCs; Andersson, 1994) . Males may gain direct benefits by engaging in EPCs as these can lead to extra-pair fertilizations (EPFs), increasing a male's reproductive output without additional paternal investment (Birkhead and Møller, 1992; Westneat et al., 1990) . Since the maximum reproductive success for females is limited by the number of offspring they can produce, the benefits to females of EPFs are less clear. Extra-pair fertilizations occur in the majority of passerine bird species (Birkhead and Møller, 1992; Griffith et al., 2002) , but evidence that such mate choice can increase offspring fitness through genetic benefits remains scarce (Hasselquist et al., 1996; Petrie, 1994) .
Investigating the role of genetic benefits in mate choice in the Seychelles warbler has been one of our major long-term aims. In this isolated and contained system, we have been able to mark and follow nearly all birds for a number of years. We have also been able to assign parentage to all young and determine the reproductive success and fitness of all marked individuals. Consequently, we are able to follow the fitness consequences of mate choice, be it social or extra-pair. As discussed above, we have already shown that neither social nor extra-pair mate choice is used to avoid inbreeding directly. In this section, we highlight the work we have done, or are currently doing, to ascertain what other genetic benefits female Seychelles warblers may gain for their offspring through their social and extra-pair mate choice. Importantly, we also try to investigate which genes may underlie such benefits.
The MHC is an important component of the vertebrate acquired immune system. Molecules encoded for by the MHC-alleles bind peptides derived from foreign antigens and present them to T cells, thereby triggering an adaptive immune response (Hughes and Yeager, 1998) . Individual differences in MHC diversity influence pathogen susceptibility (Doherty and Zinkernagel, 1975) . In a population under selection pressure from pathogens, MHC-based mate choice could increase the pathogen resistance and, consequently, the fitness of offspring (Grob et al., 1998; Jordan and Bruford, 1998; Penn and Potts, 1999) . The MHC may, therefore, be the link between mate choice and the genetic inheritance of vigor in offspring. Under a goodgenes model, if females preferentially mate with superior condition males that are relatively disease resistant they may provide their offspring with ''good'' MHC haplotypes associated with improved resistance to pathogens within the current environment (Abplanalp et al., 1992; Rulicke et al., 1998; Wedekind et al., 1996) . In this scenario, males with a greater diversity of MHC alleles should, through either heterozygote advantage (Doherty and Zinkernagel, 1975) or from an increased chance of having specific resistant alleles (Bodmer, 1972) , be in better condition and, therefore, be preferred by females. It is also possible that females may directly assess the MHC of potential mates and choose to mate with diverse males, which will, in turn, sire more MHC-diverse offspring. Alternatively, females may seek the best combination of maternal and paternal MHC genes (Brown, 1997; Tregenza and Wedell, 2000; Zeh and Zeh, 1996) . In this case, MHC-based mating preferences may be beneficial if MHC-disassortative mating results in MHC-diverse offspring, which respond to a greater variety of pathogens (Hedrick, 2002; Penn et al., 2002; Potts and Slev, 1995) . MHC-dissimilar mates may also provide a ''moving target'' against rapidly evolving parasites that escape immune recognition (Penn and Potts, 1999) . Other studies have suggested that an intermediate, rather than the highest, level of MHC diversity is optimal (Wegner et al., 2003; but see Hedrick, 2004; Kurtz et al., 2004; Wegner et al., 2004) ; and the preferred male may be the one that results in an intermediate amount of MHC diversity in the offspring (Aeschlimann et al., 2003; Penn and Potts, 1999) . Various studies have provided evidence that MHC-based mate choice occurs in mammals and fish (Aeschlimann et al., 2003; Ober et al., 1997; Penn and Potts, 1999; Piertney and Oliver, 2006; Potts et al., 1991; Reusch et al., 2001; Wedekind and Furi, 1997; Yamazaki et al., 1988) . However, although birds have been used extensively for studies of sexual selection and mate choice, until recently little work has focused on the role of the MHC (Bonneaud et al., 2006; Freeman-Gallant et al., 2003; von Schantz et al., 1996 von Schantz et al., , 1997 Westerdahl, 2004) .
We developed a protocol to screen for individual variation in the MHC class 1 exon 3, genes in the Seychelles warbler. As expected for a genetically bottlenecked species, the Seychelles warbler contains relatively limited genetic variation at the MHC (Richardson and Westerdahl, 2003) . But evidences, such as the high nonsynonymous to synonymous substitutions ratio in the peptide-binding region (PBR) and the higher levels of genetic variation in the MHC compared to neutral loci, suggest that this variation has been maintained by selection (Richardson and Westerdahl, 2003) . The low number of MHC genotypes in this population means that individuals often encounter MHC-similar potential mates and are, therefore, more likely to have evolved to discriminate against such matings. We screened the MHC of all individuals that had previously been included in the parentage analyses and tested for MHC-dependent mating patterns. We found no influence of MHC on social mate choice (Richardson et al., 2005) . First, pair males were not more MHC diverse than expected by chance. Second, MHC-disassortative pairing did not occur; there was no difference in MHC similarity between females and their social mates than expected by chance. Nor was there any evidence that females preferred males with whom they had intermediate levels of MHC similarity. We did, however, find that MHC-dependent extra-pair mating occurred (Richardson et al., 2005) .
Although there was no correlation between EPP and MHC similarity (no evidence of MHC-disassortative extra-pair mating; Fig. 9A ), females were more likely to obtain EPP when their social mate had low-MHC diversity (Fig. 9B) . Furthermore, the MHC diversity of the extra-pair male was significantly higher than that of the cuckolded male (Fig. 10) . There was no evidence that males with an intermediate number of MHC bands were more likely to gain EPP (Richardson et al., 2005) . The results point to the most MHC-diverse male rather than the most MHC-dissimilar male gaining EPP. As these patterns of MHC-dependent extra-pair matings will result in offspring of higher MHC diversity, they will provide indirect benefits to female Seychelles warblers if survival is positively linked to MHC diversity. We are presently investigating this last point (see below). Richardson et al., 2005.) The patterns of MHC-dependent extra-pair matings described above could arise through various different mechanisms. They could be the result of mate choice based directly on an individual's MHC. For example, olfactory cues may be used to assess the MHC composition of potential partners and, subsequently, to choose a mate. However, given that mating in the Seychelles warbler is biased toward males that are MHC diverse (rather than MHC dissimilar or MHC intermediate) in our opinion, the most parsimonious hypothesis is that there is an indirect link between the MHC and mate choice. For example, if mate choice is based on condition-dependent cues and MHC diversity influences condition, then female Seychelles warblers may be mating with higher MHC-diverse males as a result of choosing extra-pair males with superior traits. However, analysis shows that three obvious traits that could reflect male genetic quality (tarsus length, wing length, and territory quality) were not correlated with male MHC diversity (Richardson et al., 2005) . Surprisingly, mass and body condition were negatively correlated with MHC diversity. This relationship, which is in the opposite direction to that predicted based on the idea that MHC-diverse males are of better quality, needs to be investigated further. The MHC-based extra-pair matings observed may, on the other hand, be a result of sperm competition (reviewed in Birkhead and Møller, 1998; Wedekind et al., 2004) . Females may gain extrapair copulations from males regardless of their MHC genotype. Sperm competition may then favor sperm from males of high MHC diversity. This may act through male-male sperm competition if sperm quality or quantity is influenced by male MHC diversity. Alternatively, the MHC-based Richardson et al., 2005.) extra-pair mating pattern may be a result of cryptic female choice-there is evidence that MHC antigens may be expressed on sperm and that nonrandom fusion of gametes can occur (reviewed in Dorak et al., 2002; Wedekind et al., 2004) . Both mechanisms could lead to a situation where EPP occurs more often in females that are mated socially to males with low-genetic diversity, and the resulting genetic fathers will then have higher MHC diversity than the cuckolded social mates. Direct mate choice and postcopulatory sperm competition experiments are now required to resolve these issues.
That social mate choice did not appear to be influenced by the MHC is not surprising, considering the extreme constraints imposed on social mate choice in the Seychelles warbler. The Cousin Island population contains a surplus of adult birds (320 birds for ca. 115 territories; Brouwer et al., 2006; Komdeur, 1992; Richardson et al., 2002) , territories are maintained year round by pairs (which remain together for many years) and there is no empty space left to establish new territories (Fig. 5) . Consequently, opportunities for independent breeding occur rarely and a substantial proportion of adult birds die without ever having acquired a breeding territory (Komdeur, 1992; Komdeur et al., 2004a) . Under these conditions, unpaired females should pair with any male possessing a breeding territory, irrespective of his individual quality or MHC traits. Females may then have to rely on extra-pair matings to improve the genetic quality of their offspring. The translocation of 58 warblers in 2004 to set up a new population on Denis Island did, however, provide us with the means to experimentally relax the constraints on social mate choice and observe the consequences for mate choice. A total of 27 females and 31 males were translocated from Cousin Island. No pairs of birds previously together on Cousin were translocated. All birds were released unharmed and allowed to pair up at their own discretion. The logic behind the experiment was that released females would not be constrained in their mate choice by a lack of breeding opportunities. A considerable excess of suitable habitat on the island provided the opportunity for all pairs to breed independently, while the greater number of males meant that all females would have some choice over whom to pair up with. Over the 2 years since this translocation the identity of all pairs that attempted breeding have been identified, and their reproductive success has been monitored. Work is presently underway to screen all the birds at both the MHC class I and II to determine if as predicted, the MHC would have a significant effect on social mate choice when the normal constraints limiting choice were removed.
VI. CONCLUSIONS AND FUTURE AVENUES
In the above text, we have described how we have used molecular techniques to reveal some of the hidden complexities of the Seychelles warbler system. More importantly, we have tried to interpret and explain the evolutionary significance of these results, not just for the warbler but across all taxonomic boundaries. These studies show that the Seychelles warbler can be a model system in which to investigate questions in behavioral, evolutionary (and now) molecular ecology. However, there are many areas and issues which we have not yet investigated where modern molecular techniques have not yet been applied, or where our studies have merely scratched the surface and revealed how little we do know. Some of these areas have been dealt with directly in the main text where the flow of narrative has allowed. Below we outline some of the other areas that we have identified as important, or interesting, which we think we can explore using the Seychelles warbler system. This list is by no means exhaustive or exclusive but is put forward to show the directions in which we hope to take this project.
We have not, as yet, quantified the long-term fitness consequences of sex allocation and cooperative breeding. There is evidence that in the shortterm dominant females in high-quality territories obtain higher fitness by producing female rather than male offspring (Komdeur, 1998) . With the production of female subordinates, the primary female may gain both an increase in her own productivity and indirect benefits associated with subordinate breeding females (grand offspring). However, the fact that both dominant and subordinate females may lay eggs within the nest adds complexity to the issue of sex allocation which need to be explored. In light of the subordinate maternity and EPP revealed by the studies described above, it is essential that we assess the long-term inclusive fitness consequences of sex allocation to confirm its adaptive nature. Furthermore, as we now realize that fitness benefits may differ (or conflict) between male and female we need to investigate experimentally the fitness consequences accrued by both members of the breeding pair.
While we have been able to show that MHC-dependent patterns of mating do occur, the overall goal of determining if, and how, genetic benefits may be gained through mate choice is a long way from being reached. Prof. Terry Burke (Sheffield University, UK),with whom much of the molecular work has been done in close collaboration, is now leading a project to construct a multigeneration pedigree for the Cousin Seychelles warbler population which will span the 15 years, for which we (will) have almost complete sampling of the population (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . Accurate parentage and pedigree assignment will be determined using an enlarged suite of genetic markers and cutting edge, Bayesian statistical software, already developed as part of this project (Hadfield et al., 2006) . This pedigree, and the key parameters that are now determined for this species (e.g., MHC genotype, heterozygosity, morphometrics, survival, and reproductive success) will be incorporated into animal model analyses to produce a rigorous framework for understanding the contribution that environmental and genetic factors make toward the overall lifetime reproductive success of individuals. One major specific aim will be to further investigate the fitness consequences of mate choice. Such a study on this model system provides one of the best opportunities to determine the role of genetic benefits in mate choice in the wild.
In collaboration with Terry Burke, we propose to use the pedigree based analysis to elucidate to what extent the phenotypic behavioral responses that we observe (e.g., dispersal, reproduction, and provisioning) have an underlying genetic causality. Is the behavior that we see purely facultative, or does it reflect genetic differences among individuals? Comparable studies of variance components are being pursued in other species, but they generally do not focus on behavior, as we do here. Very few previous studies have measured the heritability of behavioral traits in the natural environment (Stirling et al., 2002) , though there is increasing evidence for genetically determined variation in behavioral traits of ecological significance (Dingemanse et al., 2002 (Dingemanse et al., , 2003 Drent et al., 2002; MacColl and Hatchwell, 2003) .
Fundamental to our understanding of the evolution of cooperative breeding is why certain individuals refrain from reproduction. Although many studies have focused on the role of life history and ecological factors, the proximate mechanisms underlying such behaviors have received considerably less attention. In the Seychelles warbler male subordinates never gain paternity outside and only rarely within the territory (Richardson et al., 2001) . We are investigating whether there are differences in testosterone levels and the amount of sperm storage between primary and subordinate male warblers, and if these differences change in relation to the period within the breeding cycle. Recent work has shown that both testosterone level and sperm storage capacity declined in primary males after egg laying of the primary female in their resident territory, but that these were constantly low in subordinate males (van de Crommenacker et al., 2004) . Now we plan to determine whether subordinates are able to elevate their T levels and sperm storage capacity on experimentally being promoted to a primary male.
Parasite and diseases (here termed pathogens) can have profound effects on the condition, reproductive success and survival of individuals. The MHC, described above, is a key component of the vertebrate acquired immune system and the type and variety of MHC genes an individual carries can determine how well they can cope with pathogens. Although many studies have identified links between specific MHC characteristic and resistance to pathogens much of this work is in laboratory or domestic animals (Piertney and Oliver, 2006) . Less work has been done on the role of the MHC in interactions between host and pathogens in the wild, and studies which attempt to determine, both qualitatively and quantitatively, the role of the MHC in fitness in natural populations are missing. For the last few years we have routinely screened all individuals for a range of pathogens including blood parasites (e.g., avian malaria) and gastrointestinal and parasites (e.g., coccidia). Using this data, in conjunction with individual MHC-genotyping and survival data, means that we can assess the impact of these pathogens on their hosts and determine the role the MHC has in mitigating this. It will also allow us to follow up on the role of the MHC in mate choice study. To confirm whether the MHC-dependent extra-pair matings observed really do provide genetic benefits we need to determine if offspring of increased MHC diversity are fitter than those of lower MHC diversity.
It is clear that many phenomena found in social species cannot be fully captured without the use of modern molecular techniques and long-term analyses. Just as haplodiploid insects inspired much of the classic sexallocation theory, as a result of their relatively simple sex ratio manipulation mechanism and life histories, the complexity of bird life histories are inspiring new theoretical developments (reviewed in Hardy, 2002) . It is clear that life histories may become even more complex after the incorporation of the hidden life histories and trade-offs, such as EPP, MHC-based mate choice, revealed by molecular techniques. Hence, a key challenge for both theoreticians and empiricists will be to integrate the multidimensional nature of allocation decisions and the conflicts that occur over such decisions.
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